The high te mperature phase stability and meta llu rgica l co mpatibility of Ferro boron alloy wh ich contain about 15 wt.% boron and some impurity elements like C(0.3),Si (0.29), P(0.006) etc, with 304 L SS have been evaluated using calorimetry and metallography. The X-ray d iffraction o f ferroboron revealed the presence of major FeB and minor Fe 2 B constituents, besides a small amount of Fe 3 (B, C). The thermal stability of this ferroboron alloy has been characterised up to melting by high resolution thermal analysis. In addition, the enthalpy increment measurements and hence specific heat estimates have been also made in the temperature range 400-1200 o C, using drop calorimetry. The high temperature metallurg ical interaction between ferroboron and 304L SS clad has been simu lated at temperatures 823 -1073 K (550-800 o C) for reaction times up to 5000 h, using diffusion couples .
Introducti on
The successful commercialisation of fast reactor technology for clean and economical power generation amidst a highly co mpetit ive energy market entails a persistent quest for continuous design innovations. This involves implement ing functionally mo re efficient design options, besides exploring the possible deployment of cheaper material inventory in future fast reactor designs. It is in v iew of the latter imperat ive that an indigenously developed ferroboron alloy containing about 15 to 17 wt. % of unenriched boron in co mbined fo rm, has been under active co nsideration as alternate shielding material in India's forthco ming commerc ial fast breeder reactors. To wards this cause, Sunil Ku mar and Keshavamurthy have recently analysed the feasibility of co mmerc ia l grade ferroboron (herein designated as Fe-B) alloy as a probable shield ing candidate fro m the point of v iew of provid ing adequate neutron and gamma shielding [1] . The results of this study suggested that it is indeed possible to use ferroboron as a potential and economical shield ing material, provided its metallu rgical and chemical co mpatibility with the stainless steel clad and liquid sod iu m at typical operating conditions are satisfactorily ensured. Since it is well known that boron exhib its considerable tendency to interact with boride forming elements like Ni, Cr, Fe, Mo etc., that are present in nuclear grade austenitic stainless steel [2, 3] , it is necessary to characterise the thermal stability and the nature of the metallurg ical interaction of Fe-B alloy with the 304L clad, at typical service and also at higher temperatures. The results of this investigation are reported in this paper. The measurements of high temperature phase stability together with heat capacity of Fe-B alloy have also been taken up as a part of present characterisation study. It is believed that such comprehensive database generation on material physics and chemistry aspects of new as well as potential alternate materials will great ly facilitate the process of knowledge driven reactor design [4] [5] [6] [7] . The essential details of the experimental part are given below.
Experiments
The Fe-B alloy used in the present study is manufactured at MINEX metallurg ical corporation, Nagpur, India fro m assorted steel scrap and commercial boron oxide lu mps through proprietary pyrometallurgical process. The chemical co mposition of the alloy taken under this study is Fe -15.4B-0.3C-0.89Si-0.17A l-0.006S-0.004P-0.003O (wt.%). Characterisation of above mentioned alloy has been done as follows. The powder x-ray diffract ion analysis has been carried out in Philips X'pert Pro powder diffractometer using Cu-Kα radiat ion in the -geometry, with a 2 -scan step of 0.01. The standard metallographic characterisation has been done by using optical (Leica MeF4A ) and scanning electron (Philips XL30) microscopy techniques.
The high temperature thermal stability has been investigated using Setaram Setsys 1600 ® heat-flu x type high resolution differential scanning calorimeter (DSC) [4, 5] . Considering the nature of this communicat ion and for reasons of brevity, the detailed description of scanning calorimet ry experiments in their entirety are not presented here and readers are referred to our recent publications for further elaboration on this account [5] . For DSC experiments Fe-B powders of mass in the range 50-120 mg were used and heating and cooling rates in the range 3, 10 and 15 K min -1 are emp loyed. The entire set of experiment has been performed under flowing (50 ml min -1 ) high pure argon atmosphere. The temperature range of study is from 473-1823 K (200-1550 o C). Pure Iron with 80 mass ppm of combined impurities is used as temperature and enthalpy standard.
We have also carried out static isothermal drop calo rimetry measurements which yield accurate estimates of enthalpy content as a function of te mperature [4] . Again, in deference to limited space, the experimental details are not elaborated upon here, but mention must be made of the fact that this experiment in essence involves dropping of a known mass of sample kept at a fixed temperature, usually about 293 K /20 o C to a hot isothermal alu mina bed under nearly adiabatic conditions. By maintaining the bed temperature at different, successively higher temperatures and by performing alternate dropping of sample and a suitable reference material like α-alu mina, it is possible to quantify the enthalpy increment (H T -H 298.15 ) or the relative enthalpy of Fe-B alloy at each temperature.
In order to study the metallurgical co mpatibility of Fe B powder with 304L SS steel at high temperature, it is decided to perform the metallu rgical co mpatib ility tests in an extended tempe rature range of 823-1073 K (550-800 o C) and with an interaction t ime of up to about 5000 h. The experimental details concerning the investigation of high temperature metallurgical interaction of Fe-B with 304L SS are given as follows.
Fig. 1. Schematic of diffusion jig assembly
The schematic of the diffusion jig that is used for investigating the high temperature metallurg ical interaction between Fe-B and 304L SS is shown in figure 1 . As shown, the experimental setup consists of a cylindrical cavity made of 304L stainless steel into which the Fe-B alloy powder is loaded and gently compacted by the 304L plunger that is screwed down fro m the top. The height of the Fe -B powder colu mn and that of the plunger are so adjusted that by forcing the plunger down and into the powder filled cavity by the top screw, the entire d iffusion jig assembly forms one hermetically sealed reaction chamber ( Fig. 1) . A number of such Fe-B loaded diffusion jigs have been made, which are then exposed to different temperatures in a muffle furnace fo r different durations of time. At the end of the diffusion experiment, the jig is taken out of the furnace, allowed to cool in air to roo m temperature, and subsequently sectioned for microscopic characterisation of the reaction layer formed between the stainless steel plunger and Fe-B powder bed. In the fo llo wing section, the results and discussion of different set of experiments described above are systematically presented.
Results and discussions

Basic structural and microstructural characterization
In Figure 2 , the powder x-ray d iffraction pattern of Fe-B alloy powder taken using Cu-K α radiation is shown. The XRD profile indicates the presence of two boride phases, namely tetragonal lower boride Fe 2 B phase and the majo r orthorhomb ic FeB phase. The room temperature lattice parameters of these two phases have been estimated using standard procedures and are found to be: a = 5.529 n m; b = 5.53 nm and c = 2.9788 n m for the orthorhomb ic FeB phase and a = 5.093 n m and c = 4.2413 n m for the tetragonal Fe 2 B phase. These values are in good agreement with those reported in literature [8] for the phase pure Fe 2 B and FeB phases. Since the Fe -B alloy used in this study contains about 0.3 wt.% C, the presence of additional phases like borocementite of Fe 3 (B,C) stoichio metry and cubic Fe 23 (B,C) 6 type carbides is also witnessed in the XRD profile. Judged by the weak intensity of their respective x-ray diffraction peaks, it can be concluded that these phases are present in small quantities. The presence of FeB and Fe 2 B type borides as a two phase mixture with the former being the major co mponent in an alloy of Fe-15 wt.% B, is readily understood from the currently accepted version of Fe -Bb inary phase diagram [9] . Ho wever, it must be added that the owing to the non negligible presence of Si and C, the present Fe-B alloy is actually a multicomponent complex system consisting of Fe-B-C-Si-A l. In Figure 3 , the optical micrograph of the as received Fe-B alloy is shown. The microstructure presents an assembly of d iscrete and irregularly shaped Fe-B part icles. The energy dispersive X-ray analysis carried out in a scanning electron microscope on a few rando mly chosen particles did not reveal the presence of free unbound iron particle; but on the other hand, suggested the presence of small amount of Si in each part icle. The presence of free boron, being a low ato mic nu mber element could not be however detected using this technique. 
Thermal stability of Fe-B alloy:
In Figure 4 , the DSC thermogram obtained during heating of Fe -B alloy to its melting range, followed by cooling to room temperature shown. With this backg round and with the help o f Fe-B binary phase diagram recently assessed by Okamato et al. [9] , the different thermal arrests witnessed in Figure 4 may be interpreted in the following manner. Curie temperature (T c ) signify ing magnetic to nonmagnetic transformat ion of Fe 2 (B,Si) phase is found to be 988 K (725 o C). The Tc of phase pure Fe 2 B is listed as 1015 K. Dissolution of borocementite Fe 3 (B,C) and cubic Fe 23 (B,C) 6 mixed borocarb ide phases in matrix occurs at about 1377 K (1104 o C). Since their phase fractions are small, the corresponding enthalpy changes are also small, accounting for the small thermal arrests seen in Figure 4 . Dissolution of the lower boride phase, Fe 2 (B,Si) and the format ion of the first traces of liquid phase is found to occur at 1500 K (1227 o C). This is similar to the Fe 2 B + FeB FeB + L invariant react ion encountered in Fe-B b inary at 1389 o C [9] . However, it must be re me mbered that in the present case of mult i co mponent Fe-B alloy, the dissolution of lower boride occurs over a narrow temperature range and besides is also initiated at a lower temperature. Finally, the full melt ing of higher boride Fe(B,Si) begins at 1632 K (1359 o C). It is almost completed at 1723 K (1450 o C). Th is reaction can again be considered analogous to the FeB + L L melting associated with pure Fe-B binary system [9] It must however be mentioned that the Fe-B alloy used in the present study is actually a mu lticomponent system, containing especially about 0.3 wt.% C & 0.89 wt.%Si. At present, very few experimental high temperatures phase equilibriu m data exist on Fe-B-Si-C quaternary system, especially around high boron and low carbon side [10] . Nevertheless, the available phase stability assessments suggest that the presence of 0.3 wt.% C results in the formation of boron containing cementite phase Fe 3 (B,C), besides possible cubic Fe 23 (B,C) 6 mixed borocarb ide [10] . This is also supported by our XRD result shown in Figure. 2. It is also likely that the presence of 0.89 wt.% Si will have some influence in governing the phase evolution but in this no borosilicide is observed. The phase changes that are witnessed during heating are essentially repeated in the cooling cycle, with s ome undercooling effects. Thus, the first traces of Fe (B, Si) solid phase format ion through solidificat ion begin at 1676 K (1403 o C). Th is temperature can be taken as representing the liquidus point of present Fe-B alloy. The precipitation of lower boride namely, Fe 2 (B, Si) and the complete disappearance of liquid phase is found at 1621 K (1348 o C). An estimate of the latent heat associated with melting is made by conducting a calibration experiment under identical conditions with pure iron [5] . The melt ing enthalpy estimated thus for Fe-B alloy is found to be 1115 ± 20kJ.kg -1 which is in good agreement with literature reported value [11] .
Enthalpy increment, specific heat versus temperature data
In Figure 5 the variat ion of measured enthalpy increment H T -H 298 values in present study as a function of temperature is compared with the available literature data for pure Fe 2 B and FeB phases reported by Kosolapova and Knacke [12] [13] [14] . It is clear that the current measurements are located in (1)
The values of fit coefficients are: a = 0.62094; b = 0.00012±0.00002; and c = 10685.80827±3910.76779. The R 2 value of the fit is 0.99. The above functional form is chosen so that the specific heat C P is directly given by the most standard functional representation which is given as
(2)
In Figure 6 the calculated C P data are displayed together with assessed values for FeB and Fe 2 B borides, taken fro m literature [13, 14] . As can be seen, the measured C P curve for the Fe -B shield ing alloy falls in between that of phase pure Fe 2 B and FeB phases, which is only expected fro m the two phase nature of Fe-B alloy. At this juncture, it can be stated that to the best of author's knowledge, not much published data exist on the thermal propert ies of high boron containing Fe-B alloys. Hence, the comparison is made only with respect to assessed estimates for phase pure Fe 2 B and FeB borides and this has been discussed in more detail in our recent communication [15] 
304L stainless steel-ferroboron reaction couple: microstructural characterisation of the reaction interface
In Figure 7 , the microstructural development across the reaction interface for various time durat ions at a typical test temperature of 1073 K (700 o C) is illustrated. As it is clear fro m the figure 7 the reaction layer is clearly delineated so that fairly accurate measurements of its thickness as a fun ction of time could be made using microscopy. In general, the diffusion layer consists of parallel t racks of fine intermetallic boride particles, embedded in the steel matrix whose composition is progressively modified as one moves away fro m the central line of the reaction interface. It is indeed possible that boron diffusion into the stainless steel taking place at a much accelerated pace, but since the solubility of boron in γ-austenite is restricted even at high temperatures [9] and further o wing to the presence of Fe, Ni and Cr in 304L steel, one witnesses copious formation of grain boundary transition metal borocarbides on the interior of stainless steel side. The hardness of the borided layer reg ion on 304L stainless steel is found to be very high, of the order of 1600 VHN. To the best of author's knowledge, the most comprehensive investigation that has been carried out and reported so far with regard to the diffusional interaction between B 4 C/stainless steel combination, is that of Hofman et al. [16] . The temperature range and time period of their experiments vary fro m 1073 -1473 K (800 to 1200 o C) and 5 -300 h. Subsequently, Nagase et al. [17] have extended the range of temperatures up to 1623 K Similar studies in sodium environ ment has also been carried out by Hans et al. [18] fo r the temperature range 873 -1073K and for t ime duration up to 8600 h. Ho wever, in the present study carried out with Fe-B alloy, temperatures higher than about 1400 K could not be adopted due to the possibility of a premelting reaction setting in at 1400 K itself. Notwithstanding this limitation, our experiments have been conducted for more extended time durat ions, of the order of 5000 h at 1073 K. The basic microstructural features of the d iffusion zone that are found immed iately adjacent to the B 4 study with respect to Fe-B alloy. But the principal difference between our study and that of B 4 C combination with austenitic stainless steel is that in case of Fe-B alloy, there is per force no necessity to form Fe 2 B type (Fe,Cr) 2 B boride phase at the interface. This is because of the fact that the Fe -B alloy used here already contained a small fraction of this lower boride phase. Therefore, the interfacial reaction that is taking place in the present case is one of simple bulk boron transfer fro m boride phase into the austenitic clad by diffusion processes. We must also note that the solubility of boron in the fccaustenite phase of 304L steel even at high temperatures is so mewhat restricted, and this fact coupled with the strong exothermic interaction of B with Fe, Cr, Ni etc., present in steel, result in copious formation of hard boride particles on the stainless steel side. An earlier study by Hans-Jochen HEUVEL et al., [18] shows that if a thin layer o f Nb or Cr is deposited on the inner reacting surface of the steel, then the thickness of penetration depth could be reduced significantly. Further fro m the economic point of view, coating with Cr will be cheaper than Nb. As an extension of this possibility, it is also worthwhile investigating the use of high chromiu m containing ferrit ic steels as a probable clad material to minimise the clad attack.
Estimation of reaction layer formation kinetics
In Figure 8 , the variat ion of the reaction layer depth with temperature and time is presented in the form as x 2 versus time (t) plot. Here, x stands for the reaction layer depth given in metres and time t, is given in seconds. In Table 1 , the data on variation of observed reaction layer thickness with time for 973 K (700 o C) are listed. Table 1 As can be seen, good linear correlat ion is observed for the range of temperature, 823-1073 K (550-800 o C) and time up to 5000 h.
The rate constant k(T) is a function of temperature. The linear behaviour given in Eq. (1) is usually interpreted as supportive of the operation of bulk diffusion as the probable rate controlling step. The temperature dependence of k is usually represented by the Arrhenius form.
k o is the pre-exponential factor and Q is the apparent activation energy for the overall reaction at the interface. In Figure 9 , the variation of ln{k(T)} with 1/T, is presented. The effective activation energy Q estimated from the slope of linear correlation turns out to be 57.7 kJ mol -1 . Considering the possible S. intrinsic experimental uncertainty associated with our experiments, especially with regard to the penetration layer depth estimation using microscopy techniques, another set of data, which is within ±5% of the standard deviation has been used to cross check the consistency of Q value obtained in this study. This second fit is shown as dotted line in Figure 9 . The value for Q obtained in the latter case is found to be 59.3 kJ mol -1 . Thus, in su mmary, it may be said that an effective o r apparent Q value in the range, 57 to 60 kJ mol -1 . may be estimated for the overall diffusional interaction between Fe -B alloy and 304L stainless steel
Conclusion
(i) Fe-B/ 304L stainless steel combination is thermodynamically unstable and there is a strong propensity for the boron atom to diffuse into the austenitic stainless steel clad and form co mplex intermetallic borides.
(ii) The melt ing range of the Fe-B alloy is estimated to be 1500-1723 K (1227-1450 o C). The melt ing enthalpy is estimated to be 1115 kJ kg -1 .
(iii) The enthalpy and heat capacity of Fe-B alloy have been measured up to 1300 K. The specific heat of Fe-B alloy is found to be appro ximated well by the weighted average of the values of Fe 2 B and FeB type boride phases.
(iv) The thickness of the reaction layer is found to follow a parabolic rate law in the temperature range of this study, namely 823-1073 K (550-800 o C).
